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Ran Binds to Chromatin by Two Distinct Mechanisms
of RanGAP [3, 5–7, 9, 10, 12]. Critical aspects of thisDaniel Bilbao-Corte´s,1 Martin Hetzer,1
Gernot La¨ngst,2 Peter B. Becker,2 model, for example, the ability of RanGTP produced
near chromatin to diffuse away from it, have not beenand Iain W. Mattaj1,3
1European Molecular Biology Laboratory tested.
In a first experiment, the ability of fluorescently labeledMeyerhofstrasse 1
D-69117 Heidelberg Ran to bind to sperm chromatin incubated in Xenopus
egg extract was tested and compared to the binding of2 Adolf-Butenandt Institut
Molekularbiologie fluorescently labeled RCC1. Binding of both Ran and
RCC1 was readily detectable (Figure 1A). Under theseLudwig-Maximilians Universita¨t
Schillerstrasse 44 conditions, all four histones are associated with the
sperm chromatin [9, 13, 14]. To demonstrate the speci-D-80336 Mu¨nchen
Germany ficity of the observed binding, competition experiments
were carried out. Incubation with excess unlabeled
RCC1 interfered with fluorescent RCC1 binding (Figure
1A, compare top and middle rows), but not Ran binding,Summary
while excess unlabeled Ran competitor specifically re-
duced fluorescent Ran binding (bottom row). To deter-Ran GTPase plays important roles in nucleocytoplas-
mine whether RCC1 was needed to bridge the Ran inter-mic transport in interphase [1, 2] and in both spindle
action with chromatin, Ran binding to decondensedformation and nuclear envelope (NE) assembly during
sperm chromatin in complete extract was compared tomitosis [3–5]. The latter functions rely on the presence
its binding in RCC1-depleted extract. Depletion of RCC1of high local concentrations of GTP-bound Ran near
(Figure 1C, see [10]) reduced Ran binding to chromatinmitotic chromatin [3–5]. RanGTP localization has been
4-fold (Figure 1B) but did not abolish it. The reductionproposed to result from the association of Ran’s GDP/
was specific, as the effect was reversed upon readditionGTP exchange factor, RCC1, with chromatin [6–9], but
of recombinant RCC1 to the depleted extract (FigureRan is shown here to bind directly to chromatin in
1B). A similar degree of inhibition of Ran binding wastwo modes, either dependent or independent of RCC1,
observed when RanT24N was added to the reaction.and, where bound, to increase the affinity of chromatin
RanT24N is a mutant version of Ran that has a lowfor NE membranes. We propose that the Ran binding
affinity for guanine nucleotides and forms a stable com-capacity of chromatin contributes to localized spindle
plex with RCC1, thus sequestering RCC1 in an inactiveand NE assembly.
complex [15]. In moderate excess, RanT24N blocks
RCC1-dependent binding (Figure 1D), while, at higher
Results and Discussion concentration, it blocks all interaction of labeled Ran
with chromatin, as seen in Figure 1A (data not shown).
GTP binding proteins are ubiquitous regulators of funda- These results suggested that Ran could interact with
mental cellular processes. Ran is a small GTPase of the chromatin in two modes, one that is RCC1 dependent,
Ras superfamily that controls nucleocytoplasmic trans- and another that is RCC1 independent.
port [1, 2]. However, Ran also functions in the absence To examine these interactions, a more defined set
of a membrane-enclosed nucleus, during cell division. of reaction conditions was chosen. First, the ability of
RanGTP acts to promote microtubule nucleation during labeled Ran to bind to sperm chromatin decondensed
mitotic spindle assembly and, later during mitosis, is with recombinant nucleoplasmin and histones and lack-
required for NE assembly [3–5]. ing detectable RCC1 ([9], see the Experimental Proce-
For correct spindle and NE assembly on chromatin, dures in the Supplementary Material available with this
it is critical that the RanGTP concentration on or near article online) was tested. Under those conditions, Ran
chromatin is higher than in the surrounding mitotic cyto- bound to sperm chromatin (Figures 2A, 2B, and S1A),
plasm [6, 7, 10–12]. Unlike many other regulatory and this interaction could be inhibited by excess unla-
GTPases, Ran is not posttranslationally modified so that beled Ran (Figure 2B). The addition of both histones
it can be targeted to the subcellular compartment where and RCC1 together resulted in a roughly 4-fold increase
it acts. Rather, RanGTP has been thought to be localized in Ran binding over that seen with histones alone (Figure
by the differential localization of Ran regulators. During 2B). This increased binding was reversed by 10 M
mitosis, the nucleotide exchange factor RCC1, which RanT24N (as in Figure 1D, data not shown) and was
generates RanGTP, is in part bound to chromatin [6, 9]. inhibited by 80 M Ran (Figure 2B). However, Ran bind-
This results in the preferential production of RanGTP on ing to sperm chromatin in the absence of added RCC1
the chromatin surface. From there, RanGTP is believed could not be significantly inhibited by the addition of 10
to diffuse only a short distance before either encoun- M RanT24N (Figure 2C), suggesting that the binding
tering mediators of spindle or NE assembly or, alterna- observed in those conditions was not mediated by
tively, being reconverted to RanGDP under the influence RCC1. In Xenopus egg extracts, Ran is likely to be asso-
ciated with a variety of interacting partners [16]. To find
out whether some of these interactions influenced Ran3 Correspondence: mattaj@embl-heidelberg.de
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binding to chromatin and to further characterize the
observed binding, the following experiments were per-
formed. The addition of tRNA and the tRNA export re-
ceptor Xpo-t, which binds directly to tRNA in the pres-
ence of RanGTP [17, 18], caused a substantial reduction
in the observed RanGTP-chromatin interaction (Figure
2D), while the addition of importin  had little effect
(Figure 2D). The binding of importin  under these condi-
tions was confirmed by measuring the inhibition of Ran-
GAP-mediated GTP hydrolysis by Ran (data not shown,
[19]). Thus, interaction with different importin -like nu-
clear transport receptors has differential effects on the
RanGTP-chromatin interaction. Next, we analyzed the
effect of the nucleotide-bound state of Ran and its inter-
action with RCC1-free chromatin. Over a wide range of
concentrations, 2- to 3-fold more RanGTP than RanGDP
bound to sperm chromatin (Figures 2A and 2E). To test
whether chromatin-associated Ran affects the binding
of RCC1, labeled RCC1 was incubated with chromatin
in the presence or absence of Ran. As previously de-
scribed [9], RCC1 bound to decondensed sperm chro-
matin (Figure 2F). The addition of Ran, however, in-
creased the amount of chromatin-bound RCC1 by
roughly 2-fold (Figure 2F).
To determine whether Ran binds directly to histones,
immobilized glutathione S-transferase (GST)-tagged
Ran was incubated with purified histones. GST-RanGTP
and GST-RanGDP, but neither GST nor GST-Rab1, spe-
cifically bound histones H3 and H4 (Figure 3A), which
are present as heterotetramers in the experimental con-
ditions used [20]. It is interesting that, while Ran binds to
H3 and H4, RCC1 preferentially binds H2A and H2B [9].
We next examined whether Ran would bind directly
to nucleosomes. For this purpose, 146-bp fragments
of [32P]DNA were reconstituted into nucleosomes with
purified histones [21]. RanGTP was found to bind to
intact nucleosomes with a dissociation constant of 1.8
0.9 M (data not shown). To examine this interaction
in more detail, histones lacking their N-terminal “tail”
fragments were next reconstituted into nucleosomes
[22]. Both RanGTP and RanGDP bound to these nucleo-
somes, as measured by a shift in their mobility (Figure
3B, top panels), with a KD of 0.6  0.3 and 4.1  3.2
M, respectively, demonstrating that histone tails were
not required for Ran interaction. Essentially, no binding
of RanGDP or RanGTP to free DNA was observed at
those concentrations (Figure 3B, lower panel).Figure 1. Ran and RCC1 Recruitment to Sperm Chromatin Is Extract
As previously reported, RCC1 binds directly to nucleo-Dependent and Saturable
somes [9]. In the absence of a DNA competitor, theRan binding to chromatin in extracts is enhanced by RCC1.
apparent KD of this binding was roughly 4–6 nM (Figure(A) Fluorescently labeled Ran (2 M; red) and RCC1 (0.5 M; green)
3C, lanes 1–6). At high RCC1 concentration, additionalwere incubated with nucleoplasmin-decondensed Xenopus sperm
chromatin in the presence of high-speed Xenopus egg extract and RCC1 molecules bound (Figure 3C, lanes 2 and 3; [9]).
the indicated unlabeled proteins (RCC1, 5 M; Ran, 40 M). After In the presence of RCC1, the apparent affinity of Ran,
fixation and staining with Hoechst 33342, samples were analyzed either in the RanGTP or RanGDP state, for nucleosomes
by fluorescence microscopy.
was increased to a KD of below 1 M (Figure 3C, lanes(B) Xenopus sperm chromatin was incubated with 1.6 M labeled
7–11 and 13–17), and complexes formed that containedRan and either high-speed Xenopus egg extract (extract) or RCC1-
both RCC1 and Ran, as determined by transfer of thedepleted extract (RCC1 extract, [10]) in the presence or absence
of recombinant RCC1 (0.2 M) for 1 hr. complexes to a membrane and Western blotting with
(C) Immunoblotting analysis of control or RCC1-depleted Xenopus specific antibodies (Figure 3D, the upper panel is the
egg extract using primary antibodies against RCC1 and, as a control, DNA label, and the lower panels are anti-RCC1 and
importin . anti-Ran immunoblots). Neither Ran nor RCC1 binding
(D) Labeled Ran was incubated with sperm chromatin in extracts in
resulted in disruption of the nucleosomes (data notthe presence or absence of 10 M RanT24N.
shown).
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Figure 2. Ran and RCC1 Recruitment to Chromatin
(A) Xenopus sperm chromatin was decondensed with nucleoplasmin and histones for 80 min, spun down, and resuspended in buffer containing
1.6 M labeled Ran for 1 hr. Samples were then fixed and analyzed by fluorescent microscopy.
(B–E) The assays corresponding to (B)–(E) were done as in (A), but (B) 0.2 M RCC1 and unlabeled Ran (80 M), (C) 10 M RanT24N, (D) 3
M importin  or 2.5 M Xpo-t, and (E) 1.6 M, 800 nM, 400 nM, and 200 nM RanGTP or RanGDP were added in the indicated reactions.
(F) This assay was performed as in (A), but labeled RCC1 (0.3 M) was incubated with the decondensed sperm in the presence or absence
of unlabeled RanGDP (3 M). Either (B, C, and F) purified histones or (A, D, and E) recombinant H2A and H2B were used during the
decondensation step. Fluorescence labeling of chromatin was quantified with NIH image software and is represented in arbitrary units (AU).
Ran functions during mitosis in the reassembly of the is to recruit the membranes that will eventually give rise
to the NE [23], and it is unclear how NE membraneNE [4, 5]. NE formation requires RanGTP production in
the vicinity of chromatin [10], and the attachment of Ran vesicles bind to Ran-coated beads prior to NE assembly.
We therefore determined whether either Ran or RCC1to inert beads is sufficient to direct NE formation [11].
One of the functions of chromatin during NE formation binding to chromatin would increase its affinity for NE
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Figure 3. Ran Binds to Recombinant Nucleosomes and Histones
(A) Equal amounts of GST, GST-RanGDP, GST-RanGTP, and GST-Rab1 were prebound to glutathione-Sepharose (Pharmacia). Beads were
blocked with 5% BSA in washing buffer (20 mM HEPES [pH 7.5], 100 mM potassium acetate, 5 mM magnesium acetate, 1 mM DTT, and
0.05% Tween-20) for 1 hr at 4C, and then incubated with 10 M purified histones, washed with 0.45 M NaCl, and eluted with SDS. Bound
fractions and input histones (1/10) were subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and were stained with Coomassie.
(B) Serial dilutions of RanGTP (left panels) and RanGDP (right panels) were incubated with [32P]DNA nucleosomes assembled from recombinant
histones lacking their N-terminal tails [13] in 10 l EX70 buffer (10 mM Tris/HCl [pH 7.6], 1.5 mM MgCl2, 0.5 mM EDTA, 5% glycerol, 70 mM
KCl) containing 0.5 mM DTT and 0.2 mg/ml BSA for 10–20 min at room temperature. The mixtures were separated on an 8% Tris-glycine
polyacrylamide gel, dried, and exposed. The concentration of RanGXP in lanes 1 was 3.3 M; lanes 2, 1.65 M; lanes 3, 825 nM; lanes 4, 413
nM; lanes 5, 206 nM; lanes 6, 103 nM; and lanes 7, 51 nM.
(C) [32P]DNA nucleosomes (lane 1) were incubated with RCC1 (serial dilutions 1:1, 36 nM–2 nM) and 1 M Ran (RanGDP, lanes 7–11; RanGTP,
lanes 13–17). Control lanes (12 and 18) correspond to incubations with RanGDP or RanGTP alone, respectively. Complexes formed were then
separated on a 4% Tris-glycine polyacrylamide gel, dried, and exposed. The mobility of free nucleosomes and the RCC1 and Ran-containing
complexes is indicated.
(D) This assay was performed as in (C). Lane 1, control nucleosomes; lane 2, nucleosomes plus 0.275 M RCC1; lane 3, same as lane 2 with
1 M RanGTP. The upper panel shows DNA labeling, and the lower panels show Western blotting with anti-RCC1 or anti-Ran antibodies.
membranes. Decondensed sperm chromatin was incu- binding of Ran to chromatin. Ran can bind directly to
nucleosomes and to histones H3 and H4. In addition,bated with fluorescently labeled Xenopus egg membrane
fractions and then repurified, and membrane binding Ran can also interact with chromatin in an RCC1-depen-
dent fashion. The concentrations of both Ran and RCC1was assessed by measurement of chromatin-associ-
ated membrane fluorescence [10]. When sperm chroma- in vivo (2 M and 200 nM, [6]) are such that all the
interactions seen here could play a role in the recentlytin was preincubated with Ran and RCC1, significant
quantities of both proteins could be repurified with the observed in vivo association of Ran with mitotic and
meiotic chromatin in a variety of cell types (M. Terasaki,chromatin (Figure 4A). Membrane association with the
chromatin templates was significantly increased by prior personal communication). Although most of the endoge-
nous RanGTP is likely to be in complex with other trans-incubation of the chromatin with RCC1 and Ran (Figure
4B). Either RanGTP or RanGDP individually also in- port factors like transport receptors, these interactions
do not seem to prevent chromatin binding when testedcreased membrane-chromatin interaction (Figure 4B),
but slightly less than when RCC1 was also present. in the purified system (Figure 2D) or in a whole-cell
extract (Figure 1A).Since RCC1 increased the amount of chromatin-bound
Ran 4-fold (Figures 1B and 2B) but had only a minor Our data suggest that Ran-chromatin association may
play an important role during reassembly of the nucleareffect on membrane association, it seems likely that it
is the free Ran, rather than the RCC1-Ran complex, that envelope by increasing the binding of membranes to
the chromatin surface. The fact that Ran increases theaffects membrane binding.
The data presented here provide evidence for direct interaction of chromatin templates with NE membrane
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formed to demonstrate the activity of labeled Ran and RCC1; as
well as the Experimental Procedures is available at http://images.
cellpress.com/supmat/supmatin.htm.
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